Abstract
Introduction
Infants who are born very prematurely with a gestational age less than 32 weeks are at high risk of life threatening events such as apnea (cessation of breathing), bradycardia (slowing of heart rate) and hypoxemia (oxygen de-saturation). The frequency of these cardiorespiratory events has been associated with long-term neurodevelopmental impairment and death [1] [2] [3] [4] [5] [6] .
The average heart rate of a preterm infant ranges from 120-180 beats per minute (bpm). A heart rate less than 100 bpm would result in a 10-50% reduction of cerebral blood velocities from baseline [7] , which may have adverse effects.
There are no validated indices available to assess the risk for life threatening events or to predict the future neurodevelopmental impairment in these infants. This study explored whether the risk stratification in premature infants can be achieved using heart rate (HR) data obtained from patient monitors.
We hypothesized that HR fluctuations can predict future life threatening events such as bradycardia and hypoxemia. To test this hypothesis, we employed an algorithm using the point process model and studied whether indices that capture RR interval fluctuations can provide information about life threatening events. We evaluated 18 preterm infants managed with servo-controlled oxygen environment for a 24-hour time period and studied whether the indices estimated in the first one hour correlated with the bradycardia as well as hypoxemia events in the following 23 hours.
Methods

Infant Data Set
This study includes the data collected from preterm infants at the Level 4 Regional Neonatal Intensive Care Unit (NICU) at the University of Alabama at Birmingham using the ixTrend and Philips MP70 systems. The electrocardiogram (ECG) data were obtained using a sampling rate of 500 Hz and the HR using a sampling rate of 1Hz. The obtained HR data was converted to inter beat intervals (RR in seconds) using the relation = 60 ⁄ .
Eighteen preterm infants whose parents/legal guardian provided informed consent at the time of enrollment were studied at a gestational age of 27 to 37 weeks (Mean: 33, SD = 3) and weights of 920 to 2380 grams (Mean: 1313; SD = 327) recorded for 24 hours per infant in a servocontrolled oxygen environment. The Institutional Review Board at the University of Alabama at Birmingham approved the study protocol and the study from which the data was obtained is registered with www.clinicaltrials.gov (NCT02794662).
Point Process Modeling of RR
It has been shown that RR interval of preterm infant follows a lognormal distribution [8] [9] . Hence, we employed an algorithm by representing RR as a lognormal distribution and estimated the instantaneous mean ( ) as well as instantaneous variance ( ). Thus at the interval given = − and for a time > before the next beat occurs, the probability distribution can be represented as
where ( ⃓ , ) represents lognormal probability distribution and time of estimated R-wave peak. is the set { , , … … , }. The instantaneous mean is represented as a order linear regression process as μ( , ( )) = + whose estimation vector ( ) is set { , … , , … , }.
( ) and ( ) are the indices estimated using a local maximum-likelihood optimization to obtain a continuous estimation of mean as well as variance of the RR signal by using a history-dependent window of 120 seconds and 4 th order linear regression process [10] .
We calculated the average of ( ) and ( ) as ̅ and respectively for the first one hour. For comparison, we also calculated the standard mean and variance of the logarithm of the original RR data for the first one hour.
Estimation of Life Threatening Events
We estimated the number bradycardia events N, defined as a heart rate below 100 bpm. For example, since the HR is sampled at 1 Hz, a bradycardia of 10 seconds duration was estimated as = 10. Similarly, we estimated the number hypoxemia events H, defined as oxygen level below 85%. These events were estimated for the remaining 23 hour recordings.
We considered all events below predefined thresholds (HR < 100 bpm and hypoxemia as < 85%) to define life threatening events because there is insufficient evidence in the literature to indicate that a specific threshold for a certain duration has greater association with worse outcome. The total number of events experienced by infants is predictive of worse outcomes [11] . Table 1 provides the growth characteristics of the infants along with the life threatening events at the time of study. 
Results
The results from our analysis are presented below as divided into three main sections. First, we investigated whether the life threatening events were associated with growth characteristics of the infants. Second, we compared the point process indices with the traditional statistical measures. Finally, we studied the correlation between the point process indices (as well as the traditional statistical measures) with the life threatening events. Figure 1 shows the heart rate of infant E25 along with the point process indices of RR estimated for the first onehour. As the heart rate goes below 100 bpm, the ( ) as well as ( ) shows a significant increase. While ( ) follows the RR interval, ( ) captures the variability in the fluctuations of RR during bradycardia events. Table 2 presents the averages of ( ) and ( ) obtained using point process algorithm along with the traditional statistical mean m and variance v of logarithm of the original RR data.
3.1.
Estimation of Point Process Indices
Relationship of Life Threatening Events with Growth Characteristics
We investigated whether infant growth characteristics were associated with life threatening events (Table 3) . This was undertaken to ensure that the infant vulnerability to events was independent of age and weight, and that each infant requires special attention regardless of growth characteristics. We found that both GA and Weight at the time of enrolment do not correlate with either N or H. 
Relationship of Point Process Indices with Traditional Statistical Measures
We investigated whether the point process indices ̅ and correlate with the standard statistical estimates mean m and variance v. We found that the ̅ correlates strongly with m (r = 0.99 and p = < 0.0001), suggesting that no additional information is gained by employing the point process framework for estimating the first order statistics.
On the other hand, shows no correlation with v ( r = 0.32 and p = 0.2), suggesting that the point process model captures the fluctuations in RR differently than the traditional statistical variance. This lack of correlation would point at a possible improvement in risk stratification by using the point process algorithm.
Relationship of Life Threatening Events with Point Process Indices
We found that the correlates strongly with the bradycardia events N but correlates modestly with hypoxemia events H. None of the standard statistical measures as well as ̅ correlated with life threatening events (Table 4) . 
Conclusion
In this work, we employed an algorithm using point process modelling to risk stratify very preterm infants in terms of life threatening events during their stay in NICU. We found that instantaneous variance obtained from point process algorithm is an important predictor of life threatening events.
Premature infants are at high risk of Sudden Infant Death Syndrome (SIDS) during their post-discharge period. In addition, many of these infants develop neurodevelopmental impairment later in life. The vast amount of physiological signals routinely collected in the NICU may allow risk stratification of infants in terms of not only short-term outcomes but also long-term neurodevelopmental outcomes.
A technological system that can assist clinicians to assess these risks in preterm infants is not available currently. The indices obtained from the point process model along with other features derived from physiological signals might be useful to develop a machine-learning framework to assess these risks. Such framework embedded in the current physiological recording system might be useful to clinicians for effective management and treatment of preterm infants in the NICU.
